Abstract-As the operating frequency of systems increases above the gigahertz frequency range, the electrical performance of a package becomes more critical. Wafer level package (WLP) is a promising solution for future high-speed packaging needs. Because the length of the interconnection lines on the WLP is limited to die size, the WLP has a minimum number of electrical parasitic elements. Because the crosstalk generates significant unwanted noise in nearby lines, causing problems of skew, delay, logic faults, and radiated emission, the crosstalk phenomena is drawing more attention than ever among the electrical characteristics of the WLP. Consequently, the modeling of the crosstalk parameters of the WLP is very important when used in high-speed systems.
First, the WLP has been developed as a cost-effective packaging method compared with the BGA package. In the fabrication of the WLP, the package is applied to the entire wafer and all the dices are packaged together at the wafer level. After the wafer is diced, each chip is in a packaged format, ready for the subsequent test and assembly process [2] . The WLP improves the concept of the die-size packaging by introducing economies of scale to the manufacturing process. Packages are fabricated while still at the wafer level, which has clear advantages over the traditional packages.
The redistribution lines on the WLP connect the on-chip pads to the solder ball pads, which are used for placing solder balls in area array form by using the redistribution line patterns. The length of the redistribution patterns on the WLP is in a range of die size, hence enabling the minimum interconnection length on the package. Consequently, the interconnection length on the WLP is significantly reduced as compared with other package solutions, and the parasitic loading effect of the WLP package is also significantly reduced [2] , [3] . In addition to the above advantages of the cost effectiveness of the WLP, another very significant advantage of the WLP is the capability of the WLP for high-speed applications such as Rambus dynamic random access memory (DRAM), double data rate dynamic random access memory (DDR DRAM), and flash memory [4] . Furthermore, the WLP can be applied as a package solution for above 1 GHz digital, differential signaling, and microwave devices. However, the WLP has a limitation on the fan-out structure, and therefore it is more suitable for smaller I/O package.
It is important to obtain accurate electrical characteristics of high-performance packages such as WLP. In particular, a precise and reliable model of the WLP is essential in order to estimate the noise and delay problems associated with the parasitics of the WLP. Because crosstalk generates significant unwanted noise in nearby lines, causing problems of skew, delay, logic fault, and radiated emission, the crosstalk phenomenon, one of the electrical characteristics of the WLP, is attracting more attention than ever. The redistribution patterns on the WLP are placed densely on the surface of the WLP, which is a die size, and hence the crosstalk model is very important. Both the minimum line width and the minimum spacing of the redistribution pattern on a WLP are approximately 40 m, which is much smaller than those of other conventional packages [3] . In particular, the crosstalk problem is no longer a negligible design concern when having to ensure the proper operation of the circuits and systems that have clock rates of more than 400 MHz. The operating clock frequency and data transfer rate are expected to increase to greater than the gigahertz frequency region in the near future. Consequently, a more precise crosstalk model of the redistribution pattern on the WLP is urgently required for system design in the frequency range above 1 GHz.
Recently, interconnection line models of the WLP were reported [2] , [5] . However, the crosstalk model was not included in the reported models. In this paper, we first report the crosstalk model of the redistribution pattern on a WLP. It is extracted based on two-port -parameter measurements and a subsequent parameter fitting method. The model is represented by the distributed circuit elements, and therefore it can be easily embedded into the SPICE circuit simulation. The crosstalk model is described as the mutual capacitance and the mutual inductance between the coupled interconnection lines on the WLP.
The models were obtained for varying line spacing between the coupled lines on the WLP. During the modeling process, two-step Microprobe measurements were sufficient, including the de-embedding procedure for the probing pad. As a by-product of the modeling, the line models were also extracted, producing a complete set of the distributed model parameters for the coupled lines [2] , [5] . Finally, the extracted crosstalk models were verified by comparing the far-end crosstalk waveforms simulated using the extracted model with the far-end crosstalk waveform measured by time domain transmission (TDT) measurement. The models can be applied to estimate of the noises caused by the crosstalk. 
II. STRUCTURE OF THE TEST WLP
The Omega-CSP process, which is one of the WLP processes developed by Hynix Co. Ltd. (formerly, Hyundai Electronics), was used to fabricate the test WLP. Fig. 1 shows the cross-section of the WLP made by the Omega-CSP process, and the typical redistribution pattern of the WLP. The Omega-CSP also requires a redistribution layer structure. In the Omega-CSP process, a stress buffer layer (SBL) and copper metal are used for the passivation and the metallization, respectively. The redistribution lines extend the terminal pitch by rearranging the pads in an area array and interconnect on-chip pads to the pads for the solder ball. The on-chip pad is connected to the redistribution layer by via. A solder ball is placed on the solder ball pad, which is located on the redistribution layer, while the other side of the solder ball is located on a printed circuit board (PCB).
The purpose of the study was to extract the mutual capacitance and the mutual inductance of the redistribution pattern of WLP, depending on the line spacing between the coupled lines. We designed and fabricated the test WLP for the on-wafer -parameter measurements and the subsequent modeling process. Fig. 2 illustrates the cross-section and the layout structure of the test WLP. The length of the coupled section is 0.997 cm. The thickness of the dielectric layer in the test WLP ( 20 m) is much smaller than the line spacing to the ground lines ( 110 m). Hence, the coupled line structure behaves as a coupled microstrip line structure rather than a coplanar waveguide.
The maximum allowable thickness of the stress buffer layer is limited to approximately 20 m, due to the limitation of the present spin-coating process technology. Hence, the thickness of the stress buffer layer in the test WLP is much less than that of the elastomer (175 m) used as a dielectric in conventional -BGA. Therefore, the input inductance of the WLP should be less than that of a -BGA, however, the input capacitance of the WLP is greater than that of the -BGA [2] , [5] . The thickness of the BisbenzoCycloButene (BCB) layer (7 m) is less than that of the SBL, and therefore a homogeneous medium is impossible, regardless of the material's properties.
A two-step of a two-port G-S-G probing measurement is sufficient for the entire modeling procedure, in which one end of each coupled lines is terminated as a open circuit. The modeling procedure does not require any four-port measurements or special matched terminations. The test pattern has two open ends at the near-end of the quiet line and at the far-end of the active line [ Fig. 2(b) ]. Because this method is simple and requires fewer measurements, we utilized a parameter fitting process using even-mode and odd-mode analysis in the extraction procedure. Fig. 3 illustrates the extraction procedure for the crosstalk parameters by the -parameter measurement and the parameter fitting. The principle of the crosstalk modeling procedure and the demonstration for the crosstalk modeling will be reported in Section III-V. First, the two-port -parameter matrix for the far-end crosstalk was measured from the test pattern of Fig. 2(b) by the on-wafer -parameter measurement (step 1). The reflection coefficient of the probing pad without the lines was measured to extract the model of the probing pad for the subsequent de-embedding process. The probing pad is a capacitance-and conductance-dominant component. We can de-embed the parasitic effect of the pad from the measured -parameters using the pad model (step 2). Nevertheless, the de-embedding effect for the test WLP is not clear, because the area of the line (40 m 9950 m) is larger than that of the pad (100 m 100 m).
III. CROSSTALK PARAMETER MODELING PROCEDURE
We derive the propagation constants ( and ) and the characteristic impedances ( and ) for each even mode and odd mode from the wave equation of the equivalent circuit of lossy-coupled lines. First, the derivation of the coupled transmission line equations and the wave equations for the lossy case is similar to that of the transmission line equation and the wave equation for each even-mode (same voltage and same current for two conductors) and odd-mode (opposite voltage and opposite current for two conductors) excitation of the coupled transmission line equations for the lossless case [7] (1)
The ABCD parameters of the transmission line with propagation constant and characteristic impedance are known, and the same derivation procedure can be applied to the ABCD parameters of lossy-coupled transmission lines for the even-mode and odd-mode propagation. Nevertheless, both currents are defined as the current in the direction of propagation.
In order to derive the four-port -parameters, it is possible to derive the ABCD parameters of the coupled lines for evenand odd-mode excitation of the ports by considering the two left ports as an input, and the two right ports as an output [6] . In the two-port network converted from the four-port network, the even-mode voltage of the input becomes , the even-mode voltage of the output port becomes , and the odd-mode voltage is similar to the even-mode case (5) (6) These two sets of matrix ABCD parameters for each excitation mode define the four simultaneous equations describing the four-port -parameters (7); therefore, the -parameter of the coupled lines with the two-port open state (8) is obtained from the zero current boundary condition (7) (8) Next we compare the -parameters from the measurements with the -parameters from the model parameters by crosstalk parameter variation, and we obtain the crosstalk parameter for the desired frequency range; this requires several iterations (step 4). The SPICE simulation is obtained using the extracted model parameters (step 5) [8] . The far-end crosstalk waveform was measured by the on-wafer TDT measurement using a HP 54120B digital sampling oscilloscope with a HP 54121A TDR/T sampling head. We verified the quality of the extracted model by comparison and iteration (step 6), and obtained the extracted crosstalk parameter (step 7). eter and the modeled -parameters and matches the measured results very well. The -parameter plot in the real and imaginary form shows the small differences more clearly than do the decibel and radian, or degree, forms. This crosstalk parameter can be derived from parameter fitting using the -parameters from the model and the -parameters from the measurements. Table I shows the extracted model parameter values of the redistribution patterns on the WLP (self-capacitance, self-inductance, resistance, mutual capacitance, and mutual inductance), for varying line spacing. The extracted self-capacitance and self-inductance also have similar values for the line parameter without adjacent lines [2] . In addition, it is possible to check the degree of homogeneity from a comparison of the ratio of mutual inductance to self-inductance with the ratio of mutual capacitance to self-capacitance [9] . The comparison shows the ratio is different but the difference is small. Fig. 5 illustrates the dependency of the extracted mutual capacitance and mutual inductance on line spacing. As the spacing between signal lines increases, the mutual capacitance and the mutual inductance decreases. The narrower the space between coupled lines, the greater the variance in both the crosstalk parameters. The extracted mutual capacitance and mutual inductance were found to be acceptable. The range of the mutual capacitance of the test vehicle is less than 98.2 fF/cm. In addition, the range of the mutual inductance of the test vehicle is less than 220 pH/cm. The maximum values of the mutual capacitance and the mutual inductance are obtained in the case of 40-m spacing, which is the minimum spacing.
IV. EXTRACTED CROSSTALK PARAMETERS
Usually, the distance between signal pattern and silicon substrate is smaller in WLP than in -BGA. Therefore, the input inductance in WLP is less than that in -BGA, but the input capacitance in WLP is greater than that in -BGA [2] , [5] . However, the mutual capacitance in WLP is less than that in -BGA due to greater self-capacitance caused by the smaller distance. The input capacitance of the WLP is not free from the mutual capacitance of the redistribution layer of the WLP. Because the I/O number is fixed and the packaging size is similar to the chip size, the crosstalk problem is more critical in the case of die shrinkage. The smaller the die, the narrower the spacing between signal lines. The development of the finer pitch process exacerbates the crosstalk problem. 
V. VERIFICATION OF THE EXTRACTED CROSSTALK PARAMETERS
The validity of the extracted crosstalk model was examined by comparing the SPICE simulation using the extracted model parameters with the time-domain crosstalk pulse waveform using the TDT measurement [8] . The TDT measurement was conducted using a wide bandwidth digital sampling oscilloscope (HP 54 120B) with TDR/T option (54121A). The rise time of the input pulse in the TDT measurement was 80 ps. The extracted crosstalk parameters and the single line model parameters ( , , and ) were used for the SPICE simulation. In the SPICE simulation, the coupled lines with 0.997-cm length were divided into 30 sections, which correspond to a length of less than /20 of the 4-GHz signal in the distributed circuit model. The of the 80-ps rising time is 4 GHz. The input pulse was applied to the near-end active line and the crosstalk was measured at the far-end quiet line in the measurement and simulation. Fig. 6 clearly shows the close agreement of the amplitude and the pulse shape between the simulation [ Fig. 6(a) ] and the TDT measurement [ Fig. 6(b) ], demonstrating the reliability and the usefulness of the extracted crosstalk model. This provides justification for the assumptions made in the formulations. In both the SPICE simulation and the TDT measurement, the crosstalk voltage for the narrower spacing was higher than that for the greater spacing.
As can be found in the extracted mutual capacitance and mutual inductance in Fig. 5 , the coupled line with the narrower spacing has a higher crosstalk voltage in both the simulation and measurement. The simulated crosstalk peak in Fig. 6(a) predicts voltages of approximately 95% of the crosstalk peak voltage measured by the TDT measurement in Fig. 6(b) . However, the shape of the simulated waveform is sharp, while the shape of the measured waveform is flat at the top of the waveform.
The maximum value of the far-end crosstalk is approximately 15 mV for a step source, with the 80-ps rise time and 200-mV amplitude for the redistribution pattern on the WLP with 0.995-cm coupled length, 20-m dielectric thickness, 40-m width, and 40-m spacing. In addition, the maximum value of the far-end crosstalk is approximately 15 mV for the Embedded Microstrip (EM) structure for the silicon chip with 2.2-mm coupled length, 0.7-m dielectric thickness, 2-m width, and 2-m spacing for the same step source [8] . Both have a similar peak value for the far-end crosstalk, and it means the crosstalk of the package should also be considered in high-speed applications where the crosstalk parameter modeling becomes more important.
The modeling procedure remains accurate, provided the assumption of the quasi-TEM mode propagation is acceptable because the telegrapher's equation implies the Quasi-TEM assumption. In addition, we assume that there is zero current for the open termination at the near-end of the quiet line and the far-end of the active line. However, fringing capacitance effects exist at high frequency.
Finally, comparing the measured crosstalk pulse with the expected crosstalk pulse waveform using circuit simulation based on the extracted crosstalk models showed the accuracy and reliability of the extracted crosstalk models.
VI. CONCLUSION
The electrical performance of the package becomes the bottleneck in realizing high-speed systems. Because the WLP potentially has a minimum number of parasitic elements, it is becoming the most likely candidate for the high-speed package solution. Precise electrical models of the WLP are required. The model can be used for the evaluation of the data transmission bandwidth and the noise performance such as crosstalk and electromagnetic interference (EMI) when applying the WLP to high-speed systems with a data bandwidth of over 1 Gb/s.
In this paper, first we reported the crosstalk model of the redistribution patterns on the WLP. The model was extracted based on -parameter measurements and a parameter fitting method using an even-mode and odd-mode analysis with frequencies of up to 5 GHz. The applied extraction method for the crosstalk model is found to be very simple and efficient. The model was extracted for varying spacing between lines. As a by-product of the modeling procedure, the single line model parameters were also deduced. Assumptions of the quasi-TEM mode propagation and zero-current at the open-termination were applied in the modeling procedure. If the frequency of the modeling becomes higher, these assumptions should be carefully reviewed. We also compared the crosstalk voltage on the WLP to the crosstalk voltage on the chip level interconnection, asserting that the crosstalk noise on the WLP needs more attention.
It is found that the mutual inductance of the redistribution lines on WLP is in a range from 80 pH/cm to 230 pH/cm for line spacing from 40 m to 100 m, while the mutual capacitance is in the range of 30 fF/cm to 100 fF/cm. As can be expected, the crosstalk model parameters are strongly affected by the spacing between the lines. The narrower the spacing between the coupled lines the greater the variance in both of the crosstalk parameters.
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